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Abstract
We construct non-supersymmetric type I string models which correspond to consistent flat-
space solutions of all classical equations of motion. Moreover, the one-loop vacuum energy
is naturally fixed by the size of compact extra dimensions which, in the two-dimensional
case, can be lowered to a fraction of a millimetre. This class of models has interest-
ing non-abelian gauge groups and can accommodate chiral fermions. In the large radius
limit, supersymmetry is recovered in the bulk, while D-brane excitations, although non-
supersymmetric, exhibit Fermi-Bose degeneracy at all mass levels. We also give some
evidence for a suppression of higher-loop corrections to the vacuum energy.
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1. Introduction
One of the outstanding problems in string theory, as in any quantum theory includ-
ing gravity, is to understand the smallness of the cosmological constant. This problem
became much more severe after the recent observations suggesting a non-vanishing value
corresponding to a new energy scale, by far smaller than every other scale in physics of
fundamental interactions, Λ ≡ E4Λ with EΛ ∼ 10−4 eV. On the other hand, brane-world
models with large extra dimensions have recently received a lot of attention, as they offer a
new framework for stabilising the mass hierarchy and addressing several problems of parti-
cle physics in an interesting new perspective [1,2]. In particular, models with two large flat
dimensions of submillimeter size are particularly attractive for manifold reasons: technical
(maximum transverse space available in phenomenologically interesting string construc-
tions); phenomenological (enhanced signals both in particle colliders and in micro-gravity
experiments); and theoretical, related mainly to the logarithmic growth of massless field
propagation in the bulk [3,4], offering new ways for addressing gauge coupling unification,
neutrino masses and oscillations, fixing the radion, etc.
It is then suggestive, if not a simple numerical coincidence, that the size of the bulk
R⊥ in these models is of the same order of magnitude as the cosmological constant scale
R⊥ ∼ E−1Λ ∼ 1mm⋆. In fact, the behaviour Λ ∼ 1/R4⊥ is generically valid in models
where supersymmetry is broken by Scherk-Schwarz boundary conditions [6,7,8,9,10,1,11].
However, in this case the induced mass splittings are of order 1/R⊥, and thus too small
by several orders of magnitude. It would then be very appealing if supersymmetry might
be broken on the branes at the string scale Ms ∼ 1TeV, in a way that the vacuum energy
vanishes in the decompactification limit. Note that in this limit four-dimensional gravity
decouples, since the effective Planck mass MP ≃M2sR⊥ goes to infinity.
Type II string models with possible vanishing cosmological constant in perturbation
theory were studied in refs. [12,13]. Their main feature is a Fermi-Bose degenerate spec-
trum, thus leading to an automatic vanishing of the one-loop vacuum energy. Aside from
the question of possible higher-loop corrections [14], their main defect, however, was that
the non-abelian gauge sector, appearing at particular singular points of the compactifica-
tion manifold, or on appropriate D-brane collections, was always supersymmetric [15,16].
⋆ See [5] where similar ideas for suppressing the cosmological constant have been exposed,
though employing different methods.
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Thus, it is questionable whether such constructions can accommodate gauge degrees of
freedom with large supersymmetry-breaking mass splittings.
In this work, we address this problem and construct type I string models with non-
supersymmetric D-brane spectra and an additional source of supersymmetry breaking
in the bulk induced by Scherk-Schwarz boundary conditions. In the large radius limit,
the one-loop cosmological constant vanishes as 1/R4⊥, while the D-brane spectra exhibit
fermion-boson degeneracy at all massive levels. In the simplest case, this degeneracy can
be thought of as emerging from a supersymmetric theory, where superpartners have been
displaced appropriately in the position space.
Our paper is organised as follows. In section 2, we present a brief review of the so-
called M-theory breaking mechanism, exhibiting either “brane supersymmetry” or “brane
supersymmetry breaking”. In section 3, we describe how discrete deformations can trade
O
+ planes for O− ones. In section 4, we construct the a simple model exhibiting open-string
Fermi-Bose degeneracy in the large-radius limit, at all mass levels. The one-loop vacuum
energy is computed in section 5, where we show the previously announced behaviour. In
section 6, we generalise the construction to lower dimensions. Finally, in section 7, we
comment on the possibility that higher-order corrections do not destabilise the one-loop
result.
2. M-theory breaking revisited
In order to make our analysis more explicit, it is worth to review in this section the
basic features of the “M-theory breaking” mechanism, exhibiting the phenomena of either
“brane supersymmetry” [8] or “brane supersymmetry breaking” [17,4].
In oriented closed-string theories, the Scherk-Schwarz reduction results from a discrete
deformation compatible with modular invariance [7]. The general method for breaking su-
persymmetry by compactification uses a (discrete) R-symmetry of the higher-dimensional
theory and couples the lattice momenta to the corresponding R-charges. In its simplest
type IIB nine-dimensional manifestation, which is also the most suited for our purposes,
the partition function reads
T =(V8V¯8 + S8S¯8)Γ
(1,1)
m,2n + (O8O¯8 + C8C¯8)Γ
(1,1)
m,2n+1
− (V8S¯8 + S8V¯8)Γ (1,1)m+ 1
2
,2n
− (O8C¯8 + C8O¯8)Γ (1,1)m+ 1
2
,2n+1
,
(2.1)
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with Γ
(1,1)
m,n the (1,1)-dimensional Narain lattice associated to a circle of radius R, with
Kaluza-Klein momentum m and winding n. For notational simplicity, the summation over
momenta and windings is suppressed, and we follow the notation of [18]. On, Vn, Sn
and Cn are the SO(n) characters corresponding to the identity, the vector, the spinor and
the conjugate spinor representations. In this string generalisation of the Scherk-Schwarz
mechanism, all space-time fermions with even windings have evidently masses shifted by
1/2R as compared to their would-be bosonic superpartners, while in the odd-winding sector
there is also a reversed GSO projection.
The model (2.1) with supersymmetry breaking is still invariant under world-sheet
parity Ω that, henceforth, can be gauged [19]. We are actually interested in T-dual IIA
orientifold models obtained by an ΩI projection, where I is the inversion of the compact
coordinate x9. The corresponding Klein-bottle amplitude reads
K = 12 (V8 − S8)W
(1)
2n +
1
2(O8 − C8)W
(1)
2n+1 , (2.2)
and, consequently,
K˜ =
25
2R
(
V8P
(1)
2m − S8P (1)2m+1
)
, (2.3)
where, as usual, the tilde in the amplitude stands for its transverse-channel (i.e. closed-
string) representation, and P (1), W (1) denote the momentum or winding partition func-
tions: P
(1)
m ≡ Γ (1,1)m,0 , W (1)n ≡ Γ (1,1)0,n . From the expression (2.3) one can immediately read
the geometry of the orientifold planes introduced by the ΩI projection [20]. Indeed, after
rewriting (2.3) in the form
K˜ =
25
2R
[
V8
(
1 + (−1)m
2
)2
− S8
(
1− (−1)m
2
)2]
P (1)m ,
one can see that two orientifold 8-planes are sitting at the edges of the segment S1/Z2,
i.e. at the fixed points of the ΩI involution, and, moreover the relative minus sign in the
S8 coefficient neatly reveals that the two planes are CPT conjugate, namely O
+ and O¯
+
.
Overall, one has the configuration of figure 1.
Fig.1. The geometry of the nine-dimensional M-theory breaking model
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As usual, tadpole cancellation demands the introduction of an open-string sector that,
in the case at hand, is bound to involve brane-antibrane pairs. The annulus amplitude
then reads
A = 12
(
N2D +N
2
D¯
)
(V8 − S8)W (1)n +NDND¯(O8 − C8)Wn+ 1
2
, (2.4)
where the first term describes open strings ending on a stack of ND branes or ND¯ an-
tibranes, while the second term, with reverted GSO projection, pertains to open strings
stretched between branes and antibranes. An S-modular transformation, brings the annu-
lus amplitude in the transverse-channel description
A˜ =
2−5
2R
[
(ND +ND¯)
2
(
V8P
(1)
2m − S8P (1)2m+1
)
+ (ND −ND¯)2
(
V8P
(1)
2m+1 − S8P (1)2m
)]
=
2−5
2R
[
((−1)mND +ND¯)2 V8 − ((−1)mND −ND¯)2 S8
]
P (1)m ,
that, actually, makes transparent our choice of Wilson lines, or brane displacements: we
have here decided to put the ND branes on top of the O¯
+
plane at x9 = πR, while the ND¯
antibranes are at x9 = 0, where an O+ plane lives †.
Finally, the transverse-channel Mo¨bius amplitude
M˜ = − 1
R
[(
1 + (−1)m
2
)
(ND +ND¯)V8 +
(
1− (−1)m
2
)
(ND +ND¯)S8
]
P (1)m
is completely determined by K˜ and A˜, and in the direct channel
M = −1
2
[(ND +ND¯)V8 + (ND +ND¯)S8(−1)n]W (1)n (2.5)
gives a proper (anti)symmetrisation of A.
At the massless level one gets an SO(16) ⊗ SO(16) Chan-Paton gauge group with
fermions in the (136, 1)⊕(1, 136) representation. In this open-string sector supersymmetry
is broken directly at the string scale as a consequence of our choice of Wilson lines [4]. This
breaking in the open-string sector is closer in spirit to the “brane supersymmetry breaking”
mechanism of [17] rather than to the Scherk-Schwarz reduction [8]. The latter would
correspond to exchange branes with antibranes, giving rise to supersymmetric massless
open-string excitations (brane supersymmetry).
† Here we use the conventions of [21]: an O
±
plane has both negative (positive) tension and
charge, while a bar denotes its CPT conjugate with reversed R-R charge.
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The one-loop vacuum energy density results from the contributions of the four surfaces
of vanishing Euler character
Λ(R) =1
2
∫
F
d2τ
τ
11/2
2
T(R)
|η|14 +
∫ ∞
0
dτ2
τ
11/2
2
K(R)
η7(2iτ2)
+
∫ ∞
0
dτ2
τ
11/2
2
A(R)
η7( iτ22 )
+
∫ ∞
0
dτ2
τ
11/2
2
M(R)
η7( 12 +
iτ2
2 )
,
where F is the familiar SL(2,Z) fundamental domain for the complex modulus τ of the
world-sheet torus. From the expressions (2.1), (2.2), (2.4) and (2.5), it is then clear that
T, K and A give rise to a cosmological constant which is power-law or exponentially
suppressed with the size of the compact Scherk-Schwarz dimension, while this is not the
case for M that yields, instead, a sizable result set by the string scale. This is a direct
consequence of the miss-matching between bosonic and fermionic degrees of freedom on
the branes. Actually, in the UV regime τ2 → 0, K, A and M, independently, develop
linear in R contributions, related to the emergence of local tadpoles. Indeed, the general
large-radius limit of the one-loop cosmological constant in four dimensions is [4,22]
Λ(R) ∼ (ncB − ncF)
1
R4
+ c1M
4
s + c2(n
o
B − noF)
M6−ns
Rn−2
+ O(e−M
2
s
R2) , (2.6)
where ncB,F and n
o
B,F denote the number of massless bosonic and fermionic degrees of free-
dom from the closed and open string sectors, respectively. The first term is a consequence
of spontaneous supersymmetry breaking by Scherk-Schwarz boundary conditions in the
closed-string sector [10,1,11], while the second term is expected from the absence of super-
symmetry on the branes, leading to a non-vanishing localised energy density of order of
the string scale. Finally, the third term is a consequence of non-vanishing local tadpoles
of massless closed-string states, and its large radius behaviour depends on the number n
of dimensions transverse to the branes that have a size comparable to R [4,22].
Can we improve our model, associating to the closed-string spectrum of (2.1) and
(2.2) an open-string sector still non-supersymmetric but with Fermi-Bose degeneracy, at
least at the massless level? In other words, can we trade the O¯
+
plane at x9 = πR for
an O¯
−
one, in order to symmetrise the gauge bosons living on the D-branes, while still
anti-symmetrising the associated fermions?
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3. Introducing discrete deformations
In a given model, the nature of the O planes content does not depend solely on
the type of the orientifold group GΩ , but also on the values of the background fields.
Indeed, a simple way to transmute O planes consists in introducing discrete deformations
in the closed-string sector [21]. Although GΩ projects out some of the excitations of the
parent theory, it was shown originally in [23] that world-sheet parity is still compatible
with quantised values for their backgrounds. The simplest instance where this phenomenon
occurs is the compactification on a two-dimensional torus with generic complex and Ka¨hler
structures. The left-handed and right-handed momenta are then
pL,a = ma +
1
α′
(gab −Bab)nb ,
pR,a = ma − 1
α′
(gab +Bab)n
b .
Although asymmetric for generic values of the metric gab and the two-index antisymmetric
tensor Bab, the Narain lattice can be made compatible with world-sheet parity if the NS-NS
two-form is quantised [23]
Bab =
α′
2
kǫab , (3.1)
with ǫab the Levi-Civita two-tensor and k an integer. Combined with the Peccei-Quinn
translations, eq. (3.1) then identifies two inequivalent classes:
Bab = 0 , Bab =
α′
2
ǫab .
In orientifold constructions, the first class corresponds to standard compactifications (with
vector structure) involving, in the T-dual version, four identical O+ planes sitting at the
four fixed points of T 2/Z2. The second class, on the other hand, is associated to T
2’s
without vector structure, and has the effect of halving the net charge and tension of the
O planes involved [21]. Indeed, the associated transverse-channel Klein-bottle amplitude
(in the case of an orthogonal torus with radii R1 and R2)
K˜ =
23
2
α′
R1R2
(V8 − S8)P(m1,m2)
=
23
2
α′
R1R2
(V8 − S8)
(
1− (−1)m1 + (−1)m2 + (−1)m1+m2
2
)2
P(m1,m2)
clearly shows the origin of this reduction: among the four orientifold planes, three have
both negative tension and charge, i.e. they are the familiar O+ planes, while the fourth
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one, at say (x1, x2) = (πR1, 0), has reversed tension and charge, and is usually denoted as
O
− plane (see fig. 2).
Fig. 2. The O plane configuration for a non-trivial Bab background
As a result, tadpole conditions now call for the introduction of only sixteen D-branes
(or eight GΩ invariant combinations, according to different ways of counting) and the asso-
ciated gauge group is orthogonal or symplectic depending on the nature of the orientifold
plane they are next to (O+ or O−, respectively) [23].
4. The model
We have now got all the ingredients to concoct the model we are looking for. One
has simply to compactify the nine-dimensional model we described in section 2 on an
additional T 2 without vector structure, i.e. with a non-vanishing B-field, and distribute
the D-branes as in figure 3.
Fig. 3. O-planes and D-branes configurations for the seven-dimensional orientifold.
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To be more concrete, we start from the type IIB model (2.1) compactified on a (2,2)-
dimensional lattice, Γ (2,2)(B), with the NS-NS two-form Bab =
α′
2
ǫab,
T =
[
(V8V¯8 + S8S¯8)Γ
(1,1)
m,2n + (O8O¯8 + C8C¯8)Γ
(1,1)
m,2n+1
−(V8S¯8 + S8V¯8)Γ (1,1)m+ 1
2
,2n
− (O8C¯8 + C8O¯8)Γ (1,1)m+ 1
2
,2n+1
]
Γ (2,2)(B) .
To fix the notation, x9 is the coordinate on the circle of radius R responsible for the Scherk-
Schwarz deformation, with m and n its associated momenta and windings. Coordinates
on the spectator T 2 are labelled by the pair (x7, x8). For simplicity we choose T 2 to be
a squared torus with sides of size 2πR7 and 2πR8, and, of course, with a background
Bab =
α′
2 ǫab. The corresponding momenta and windings are labelled by (m7, m8) and
(n7, n8).
Thus, we can immediately write down the Klein-bottle amplitude
K = 1
2
[
(V8 − S8)W (1)2n + (O8 − C8)W (1)2n+1
]
W
(2)
(2n7,2n8)
associated to the ΩI orientifold projection, with now Ixi = −xi, an inversion on the
three compact coordinates, i = 7, 8, 9.
The massless closed unoriented spectrum is simply given by the dimensional reduction
of that in section 2. In terms of ten-dimensional fields it comprises the graviton, the dilaton
and a R-R two-form potential. For R <
√
α′ a tachyon appears in the spectrum in the
odd-winding (twisted) sector. However, in this paper we are only interested in very large
values for R and thus we are not concerned with this.
An S modular transformation maps K into the transverse-channel amplitude
K˜ =
25
2 · 4
(α′)3/2
RR8R7
[
V8
(
1 + (−1)m
2
)2
− S8
(
1− (−1)m
2
)2]
P (1)m
×
(
1− (−1)m7 + (−1)m8 + (−1)m7+m8
2
)2
P
(2)
(m7,m8)
.
As expected, two CPT-conjugate copies of the r.h.s two-torus of figure 2 are sitting at the
edges of the x9 segment, as shown in figure 3.
The rest of the construction is now straightforward. We have simply to add eight
brane-antibrane pairs to cancel the NS-NS tadpole in K˜. As usual, in the open sector we
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have the freedom to distribute the branes along the compact dimensions. In the case at
hand, the configuration of figure 3 corresponds to the annulus amplitude
A = 12
(
N2D +N
2
D¯
)
(V8 − S8)W (1)n W (2)(n7,n8) +NDND¯(O8 − C8)W
(1)
n+ 1
2
W
(2)
(n7+ 1
2
,n8)
,
where, as before, ND (ND¯) counts the number of branes (antibranes).
From
A˜ =
2−5
2
(α′)3/2
RR8R7
[
((−1)m(−1)m7ND +ND¯)2 V8
− ((−1)m(−1)m7ND −ND¯)2 S8
]
P (1)m P
(2)
(m7,m8)
and K˜ we can immediately extract the Mo¨bius amplitude in the transverse channel
M˜ =− 1
2
(α′)3/2
RR8R7
[
V8
(
1 + (−1)m
2
)
+ S8
(
1− (−1)m
2
)]
P (1)m
×
(
1− (−1)m7 + (−1)m8 + (−1)m7+m8
2
)
((−1)m7ND +ND¯)P (2)(m7,m8) .
Upon a P -modular transformation, one then finds
M = −12 (V8 + (−1)nS8)W (1)n
[
(ND +ND¯)W
(2)
(n7,2n8+1) − (ND −ND¯)(−1)n
7
W
(2)
(n7,2n8)
]
,
which is the proper (anti-)symmetrisation of A.
The D-brane massless spectrum thus comprises the dimensional reduction of ten-
dimensional gauge bosons with gauge group USp(8)⊗ SO(8) and fermions in the (28, 1)⊕
(1, 36) representations. The two gauge group factors (i.e. the branes and the antibranes)
are located at different points along the compact (x8, x9) directions, as depicted in fig-
ure 3. This spectrum is obviously Fermi-Bose degenerate, although not supersymmetric.
Moreover, in the limit R,R8 →∞ all massive string levels present Fermi-Bose degeneracy.
Actually, in this limit, the closed-string sector and the annulus become supersymmetric,
while supersymmetry is broken only by the Mo¨bius amplitude, which reads
M ≃ 12 (ND −ND¯)(V8 + S8)(−1)n
7
W
(1)
n7 .
This expression describes our choice of distributing branes (antibranes) next to anti-
orientifolds (orientifolds) planes, thus breaking supersymmetry on their world-volumes.
Intuitively, this configuration is as if the fermionic superpartners of the USp(8) and SO(8)
gauge bosons, in the 36 and 28 representations, were exchanged between the two sets of
D-branes.
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Note that supersymmetry is restored in the limit R7 ≪
√
α′, which, in the T-dual
description, is equivalent to a large radius limit along the brane world-volume, R˜7 ≡
α′/R7 ≫
√
α′:
M ≃ 12 (ND −ND¯)
[
(V8P˜
(1)
2m˜7
− S8P˜ (1)2m˜7+1)− (V8P˜
(1)
2m˜7+1
− S8P˜ (1)2m˜7)
]
,
where P˜ (1) denotes the momentum lattice in terms of the dual radius R˜7. This implies
that, in this limit, the second term in (2.6) is to be replaced by c1(n
o
B−noF)/R˜47, in analogy
with the first term of the closed-string sector, as a consequence of the Scherk-Schwarz
supersymmetry breaking. However, since gauge interactions are not localised along this
direction, R˜7 cannot become very large, otherwise the gauge theory on the branes would
be non perturbative.
5. The vacuum energy density
The one-loop vacuum energy receives contributions from the four surfaces of vanishing
Euler character
Λ(R) =1
2
∫
F
d2τ
τ
9/2
2
T(R)
|η|10 +
∫ ∞
0
dτ2
τ
9/2
2
K(R)
η5
+
∫ ∞
0
dτ2
τ
9/2
2
A(R)
η5
+
∫ ∞
0
dτ2
τ
9/2
2
M(R)
ηˆ5
,
where T(R), K(R), A(R) and M(R) are given in the previous section. Using the Jacobi
identity
V8 − S8 = 12
(
ϑ43
η4
− ϑ
4
4
η4
− ϑ
4
2
η4
)
≡ 0 ,
and the tadpole condition ND = ND¯ = 8, one can cast the various contributions in the
simpler form
T(R) =
[∣∣∣∣ϑ2η
∣∣∣∣
8
(−1)mΓ (1,1)m,n +
∣∣∣∣ϑ4η
∣∣∣∣
8
Γ
(1,1)
m,n+ 1
2
+
∣∣∣∣ϑ3η
∣∣∣∣
8
(−1)mΓ (1,1)
m,n+ 1
2
]
Γ (2,2)(B) ,
K(R) = 12
ϑ44(0|2iτ2)
η7(2iτ2)
∑
n,n7,n8
e−
πτ2
α′
[(2n+1)2R2+(2n7R7)2+(2n8R8)2] ,
A(R) = 64
ϑ44
(
0
∣∣ iτ2
2
)
η7
(
iτ2
2
) ∑
n,n7,n8
e−
πτ2
α′
[(n+ 12 )
2R2+(n7+ 1
2
)2R27+(n
8R8)
2] ,
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and
M(R) = −8 ϑˆ
4
2
(
0
∣∣1
2 +
iτ2
2
)
ηˆ7
(
1
2 +
iτ2
2
) ∑
n,n7,n8
e−
πτ2
α′
[(2nR)2+(n7R7)2+(2n8+1)2R28] .
It is then clear that, for τ2 > 0, the contributions from the Klein-bottle, annulus and
Mo¨bius-strip amplitudes can be made arbitrarily small by taking two of the compact
directions, R and R8, very large, since
Λ(K) + Λ(A) + Λ(M) ∼ O(e−R2 or e−R28) .
On the other hand, the potentially divergent region τ2 = 0 is better described, as
usual, in terms of the horizontal time ℓ ∼ 1/τ2. The amplitudes then read
K˜ =
2(α′)3/2
RR7R8
∫ ∞
0
dℓ
ϑ42(0|iℓ)
η12(iℓ)
∑
(−1)m e−
πℓα
′
2
[
(mR )
2
+
(
m7
R7
)2
+
(
m8
R8
)2]
,
A˜ =
2(α′)3/2
RR7R8
∫ ∞
0
dℓ
ϑ42(0|iℓ)
η12(iℓ)
∑
(−1)m+m7 e−
πℓα
′
2
[
(mR )
2
+
(
m7
R7
)2
+
(
m8
R8
)2]
,
M˜ =− 4(α
′)3/2
RR7R8
∫ ∞
0
dℓ
ϑˆ42(0|iℓ+ 12 )
η12(iℓ+ 12 )
∑
(−1)m8 e−
πℓα
′
2
[
(mR )
2
+
(
2m7
R7
)2
+
(
m8
R8
)2]
,
where we have explicitly shown the integration over the transverse-channel modulus ℓ. In
the large radius limit, the integrals are dominated by the closed-string channel infra-red
region ℓ → ∞. It is therefore appropriate to rescale the horizontal time as α′ℓ/R2. As a
result, the massive string excitations decouple in the large radius limit and the amplitudes
reduce to
K˜ =
32R
√
α′
R7R8
∫ ∞
0
dℓ
∑
(−1)m e−
πℓ
2
[
m2+
(
R
R7
)2
m27+
(
R
R8
)2
m28
]
,
A˜ =
32R
√
α′
R7R8
∫ ∞
0
dℓ
∑
(−1)m+m7 e−
πℓ
2
[
m2+
(
R
R7
)2
m27+
(
R
R8
)2
m28
]
,
M˜ =− 64R
√
α′
R7R8
∫ ∞
0
dℓ
∑
(−1)m8 e−
πℓ
2
[
m2+4
(
R
R7
)2
m27+
(
R
R8
)2
m28
]
.
(5.1)
It is then evident that for R ∼ R8 ≫ R7 only m7 = 0 survives, and the contribution of K˜,
A˜ and M˜ to the vacuum energy becomes
K˜+ A˜+ M˜ =
64R
√
α′
R7R8
∫ ∞
0
dℓ
∑
((−1)m − (−1)m8) e−
πℓ
2
[
m2+
(
R
R8
)2
m28
]
≃128
π
R
√
α′
R7R8
∑ (−1)m − (−1)m8
m2 +
(
R
R8
)2
m28
,
(5.2)
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and vanishes in the symmetric case R = R8, up to exponentially small corrections, as
stated before.
Fig. 4. Mass and charge distribution in the R,R8 ≫ R7 limit.
Actually, these amplitudes can be given a suggestive geometrical interpretation in
terms of gravitational and “Maxwell”-type interactions [24], where the condition R = R8
would translate into an overall compensation of forces (a BPS-like condition). In the limit
R7 ≪ R,R8, we are mainly left with a two-dimensional distribution of charged and massive
point-like sources as in figure 4. Here, the two entries (Mi , qi) in the parenthesis refer to
the mass and charge of the i-th “particle”, where in our conventions a single O7+ plane has
both tension and charge equal to −4 while a D brane carries a (positive) unit of tension
and charge. As a result, the overall gravitational force experienced by the system is
FNewton =− (M1M2 +M3M4) log R− (M1M4 +M2M3) log R8
− (M1M3 +M2M4) log
√
R2 +R28
=− 128 log R+ 128 log R8 + 128 log
√
R2 +R28 .
Similarly, the “Maxwell” force due to the R-R field exchange reads
FMaxwell = +(q1q2 + q3q4) log R + (q1q4 + q2q3) log R8 + (q1q3 + q2q4) log
√
R2 +R28
= −128 log R + 128 log R8 − 128 log
√
R2 +R28 ,
and thus the total force is
FNewton + FMaxwell = −256 log R+ 256 log R8 .
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It is then clear that, as stated previously, the condition R = R8, required to cancel the
leading contribution to the cosmological constant, translates into a (BPS-like) zero-force
condition on the distribution of D-branes and O-planes.
The analysis of the torus amplitude is standard. The twisted (odd-winding) sector
does not have massless Kaluza-Klein states and thus gives an exponentially suppressed
contribution. On the contrary, the untwisted sector contributes with the familiar power-
law fall-off 1/R7. Upon compactification to four dimensions (e.g. on spectator tori) one
recovers the expected 1/R4 behaviour.
6. A six-dimensional example with small cosmological constant
We can now proceed to describe lower-dimensional models with a naturally small one-
loop cosmological constant. As before, they consist of suitable combinations of Scherk-
Schwarz reductions [8] and non-trivial discrete deformations [25].
In general, lower-dimensional orientifolds have a rich structure due to the simultaneous
presence of D9 and D5 branes (or T-duals of them), on which Scherk-Schwarz deformations
can act differently. However, the proper combination of discrete deformations and modified
boundary conditions should guarantee the existence of a non-supersymmetric spectrum
with (sets of) branes with Fermi-Bose degeneracy at all massive levels in the large radius
limit. As we saw before, this is needed for suppressing the vacuum energy in the gauge
(brane) sector.
In six dimensions one could start with the T 4/Z2 orbifold model [8]
T = 12
{(|V4O4 +O4V4|2 + |S4S4 + C4C4|2)Γm,2n
+
(|O4O4 + V4V4|2 + |S4C4 + C4S4|2)Γm,2n+1
− [(V4O4 +O4V4)(S¯4S¯4 + C¯4C¯4) + h.c.]Γm+ 1
2
,2n
− [(O4O4 + V4V4)(S¯4C¯4 + C¯4S¯4) + h.c.]Γm+ 1
2
,2n+1
}
Γ (1,1)Γ (2,2)(B)
+ 12
(|V4O4 −O4V4|2 + |S4S4 − C4C4|2)
∣∣∣∣2ηϑ2
∣∣∣∣
4
+ 164
(|O4C4 + V4S4 − S4O4 − C4V4|2 + |O4S4 + V4C4 − C4O4 − S4V4|2)
∣∣∣∣ ηϑ4
∣∣∣∣
4
+ 16
4
(|O4C4 − V4S4 − S4O4 + C4V4|2 + |O4S4 − V4C4 − C4O4 + S4V4|2)
∣∣∣∣ ηϑ3
∣∣∣∣
4
,
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where now the internal lattice has been deformed by the inclusion of a non-trivial B-field
along a T 2. As expected, “untwisted” massless fermions (and, in particular, the gravitini)
have acquired a mass proportional to the inverse compactification radius. On the contrary,
the “twisted” ones stay massless, since they are localised at fixed points and thus do not
feel the Scherk-Schwarz deformation. Notice also that the twisted sector is now non chiral
as a result of modular invariance.
Following [25], the presence of a discrete B-field acts as a projector onto even-winding
contributions in K, while no restriction is imposed on the momenta excitations, so that
K =14 (V4O4 +O4V4 − S4S4 − C4C4)
(
P
(4)
(m1,m2,m3,m4)
+W
(4)
(2n1,2n2,n3,2n4)
)
+ 14 (O4O4 + V4V4 − S4C4 − C4S4)W
(4)
(2n1,2n2,n3,2n4+1)
+ 2
[
(O4C4 + V4S4 − S4O4 − C4V4) + (O4S4 + V4C4 − C4O4 − S4V4)
]( η
ϑ4
)2
is a proper (anti-)symmetrisation of the torus amplitude. Here, (m1, m2) and (n1, n2)
denote momenta and windings on the Γ (2,2)(B) lattice, while m4 and n4 refer to the
“Scherk-Schwarz” direction. The projected massless spectrum is also non chiral and com-
prises the graviton, one (unconstrained) two-form and seventeen scalars from the untwisted
sector, together with 52 scalars, two (unconstrained) two-forms and eight Dirac fermions
from the twisted sector.
The transverse-channel amplitude reveals that while the O9 plane is a conventional
one, the O5 planes reproduce the geometry described in section 4 (with an additional spec-
tator S1). Thus, the open string sector involves both D9 branes and D5 brane-antibrane
pairs. The corresponding one-loop amplitudes can again be retrieved from [8] and [25],
and read
A99 =
1
4I
2
N(V4O4 +O4V4)
∑
a,b=0, 1
2
P
(4)
(m1+a,m2+b,m3,m4)
− 14 I2N(S4S4 + C4C4)
∑
a,b=0, 1
2
P
(4)
(m1+a,m2+b,m3,m4+
1
2
)
+ 14R
2
N(V4O4 −O4V4)
(
2η
ϑ2
)2
,
in the D9-D9 sector,
A55 =
1
4
I
2
D(V4O4 +O4V4 − S4S4 − C4C4)W (4)(n1,n2,n3,n4)
+ 1
4
R2D(V4O4 −O4V4 + S4S4 − C4C4)
(
2η
ϑ2
)2
,
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in the D5-D5 sector,
A5¯5¯ =
1
4
I
2
D¯(V4O4 +O4V4 − S4S4 − C4C4)W (4)(n1,n2,n3,n4)
+ 14R
2
D¯(V4O4 −O4V4 − S4S4 + C4C4)
(
2η
ϑ2
)2
,
in the D5¯-D5¯ sector, and
A55¯ =
1
2
IDID¯(O4O4 + V4V4 − S4C4 − C4S4)W (4)(n1+ 12 ,n2,n3,n4+ 12 ) ,
A95 =INID(O4C4 + V4S4 − S4O4 − C4V4)
(
η
ϑ4
)2
+ iRNRD(O4C4 − V4S4 − S4O4 + C4V4)
(
η
ϑ3
)2
,
A95¯ =INID¯(O4S4 + V4C4 − C4O4 − S4V4)
(
η
ϑ4
)2
+RNRD¯(O4S4 − V4C4 − C4O4 + S4V4)
(
η
ϑ3
)2
,
in the mixed ones.
Finally, the Mo¨bius-strip amplitudes
M9 =− 14IN
[
(V4O4 +O4V4)
∑
a,b=0, 1
2
(−1)2a(2b−1)P (4)(m1+a,m2+b,m3,m4)
− (S4S4 + C4C4)
∑
a,b=0, 1
2
(−1)2a(2b−1)P (4)
(m1+a,m2+b,m3,m4+
1
2
)
− (V4O4 −O4V4)
(
2η
ϑ2
)2]
,
M5 = −14 ID
{
[V4O4 +O4V4 + (−1)n4 (S4S4 + C4C4)]
×
(
W
(4)
(n1,2n2+1,n3n4)
− (−1)n1W (4)(n1,2n2,n3,n4)
)
− (V4O4 −O4V4 − S4S4 + C4C4)
(
2η
ϑ2
)2}
,
and
M5¯ = −14 ID¯
{
[V4O4 +O4V4 + (−1)n4 (S4S4 + C4C4)]
×
(
W
(4)
(n1,2n2+1,n3n4)
+ (−1)n1W (4)(n1,2n2,n3,n4)
)
− (V4O4 −O4V4 + S4S4 − C4C4)
(
2η
ϑ2
)2}
,
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which as usual are obtained by the factorisation of K˜ and A˜, complete the orientifold
projection in the open-string sector, and suggest the following parametrisation of Chan-
Paton charges
IN = n+ n¯ ,
ID = d1 + d2 ,
ID¯ = d+ d¯ ,
RN = i(n− n¯) ,
RD = d1 − d2 ,
RD¯ = i(d− d¯) .
As usual, tadpole conditions fix the overall number of branes
IN = 16 , ID = 8 , ID¯ = 8 ,
that is again reduced by the presence of the discrete deformation [25].
The massless (anomaly-free) spectrum, obtained by the expansion of A and M
A
(0) ∼ [nn¯+ 1
2
(d21 + d
2
2) + dd¯
]
V4O4 +
[
1
2
(n2 + n¯2) + d1d2 +
1
2
(d2 + d¯2)
]
O4V4
− 12
(
d21 + d
2
2 + d
2 + d¯2
)
C4C4 − (d1d2 + dd¯)S4S4
+ 2(nd2 + n¯d1)(O4C4 − S4O4) + 2(nd¯+ n¯d)(O4S4 − C4O4) ,
M
(0) ∼ 12
[
(d1 + d2)V4O4 − (n+ n¯+ d+ d¯)O4V4 + (d1 + d2 − d− d¯)C4C4
]
,
comprises a [U(8)]9 ⊗ [USp(4)⊗USp(4)]5 ⊗ [U(4)]5¯ Chan-Paton gauge group with
four scalars : (28⊕ 28; 1, 1; 1)⊕ (1; 4, 4; 1)⊕ (1; 1, 1; 6⊕ 6¯)
four scalars : (8; 1, 4; 1)⊕ (8¯; 4, 1; 1)⊕ (8; 1, 1; 4¯)⊕ (8¯; 1, 1; 4)
one left-handed spinor : (1; 6, 1; 1)⊕ (1; 1, 6; 1)⊕ (1; 1, 1; 10⊕ 10)
⊕ (8; 1, 1; 4¯)⊕ (8¯; 1, 1; 4)
one right-handed spinor : (1; 4, 4; 1)⊕ (1; 1, 1; 16)⊕ (8; 1, 4; 1)⊕ (8¯; 4, 1; 1)
This spectrum neatly reveals that the mechanism we have described in the previous sections
is realised on the D5 system, while the D9 branes feel the familiar Scherk-Schwarz breaking
[8]. As a result, in the large radius limit, the one-loop cosmological constant decays like
1/R4 in the bulk and on the D9 branes (upon further compactification to four dimensions),
while it is exponentially suppressed on the D5 branes due to a Fermi-Bose degenerate
spectrum.
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7. Conclusions and discussions
We have here presented an explicit example of non-supersymmetric orientifolds with
two large transverse dimensions and a naturally small cosmological constant. In the large
radius limit, R = R8 → ∞, supersymmetry is restored in the bulk, while the D-brane
spectra stay non-supersymmetric, though exhibiting Fermi-Bose degeneracy at all massive
string levels. This is the first instance of a vacuum configuration with non-supersymmetric
non-abelian gauge sector and a naturally small cosmological constant. In the simplest case,
the model contains two “mirror worlds”, while the degeneracy is due to an exchange of
ordinary superpartners on the two branes.
On the other hand, brane supersymmetry is recovered when another radius (R˜7), now
longitudinal to the brane world-volume, becomes larger than the string scale. However, R˜7
cannot be made arbitrarily large, since gauge interactions propagate along this direction,
and thus, they would become strongly coupled. In the absence of Fermi-Bose degeneracy,
this would imply a power-law fall-off of the brane cosmological constant, whose magnitude
would be determined, in this case, by the size of this large dimension instead of the string
scale.
The main question that remains to be addressed concerns, of course, higher-order
corrections. In the following, we give general arguments in favour of their weakness based
on the main features of the model presented in this paper. In the large radius limit,
R = R8 →∞, and for fixed world-sheet modulus, the only sizable contribution to Λ comes
from non-BPS interactions between coincident boundaries (D-branes) and crosscaps (O-
planes)†. At the one-loop level, such interactions are described by one diagram, the Mo¨bius
strip, and the vacuum energy receives two contributions from D¯-branes/O+-plane and D-
branes/O¯
−
-plane interactions. Since the projection of the two orientifold planes, which
locally breaks supersymmetry, is opposite in the two “mirror worlds”, the two contributions
to the vacuum energy, equal in magnitude, have opposite signs, thus yielding a vanishing
result.
A similar mechanism is therefore expected to take place in higher-genus surfaces con-
taining zero or one crosscap, while a problem might emerge for surfaces containing two
† In fact, the non-supersymmetric (i.e. non-vanishing) brane/brane and O-plane/O-plane
interactions are exponentially suppressed in R and R8.
17
crosscaps, together with any boundary.‡ The simplest surface of this type arises at genus
3/2, and has one hole and two crosscaps. Again, one has to sum over the two contributions
associated to the two different sets of “massless” brane/O-plane configurations. A prelim-
inary analysis of such a diagram indicates indeed that the two contributions are equal but
now come with even sign, yielding a brane vacuum energy of the order of M4s . However,
in the limit R˜7 ≫ ℓs, this contribution is expected to vanish, since supersymmetry is re-
covered. Hence, one is left with potential contributions from various degeneration limits
of the world-sheet modular parameters (period matrix).
To better elucidate this point, let us summarise here the one-loop case studied in
detail in sections 4 and 5. In the ultraviolet limit, τ2 → 0, that is not in the fundamental
domain for the modulus of the torus, the (transverse-channel) Klein-bottle, annulus and
Mo¨bius amplitudes contribute as
K˜+A˜+M˜≃64R˜7
RR8
∑
m,m8
[(
1 +
NDND¯
64
)
(−1)m − ND +ND¯
8
(−1)m8
] ∫ ∞
0
dℓe
−πℓ
2
(
m
2
R2
+
m
2
8
R2
8
)
=
64R˜7
R2
(
1− ND
8
)(
1− ND¯
8
) ∑
m,m8
(−1)m
∫ ∞
0
dℓe−
πℓ
2
m
2+m2
8
R2 ,
where, for convenience, we have restored the Chan-Paton factors for branes (ND) and an-
tibranes (ND¯), located next to the O¯
−
and O+ planes, respectively. Clearly, the ultraviolet
contribution is due to the sum of local tadpoles of all massless string states, and vanishes
if such tadpoles are absent, i.e. when ND = ND¯ = 8.
On the other hand, the infrared region, τ2 →∞, may receive contributions only from
zero-winding sectors. The large radius behaviour is now determined by the restoration
of supersymmetry. In the closed-string sector, one finds the familiar contribution (ncB −
ncF )/R
4 which is suppressed below the experimental limit for extra dimensions of sub-
millimetre size. In the open-string sector, however, one gets a term proportional to (noB −
noF )/R˜
4
7, which can not be sufficiently dumped since R˜
−1
7 is in the TeV region. More
precisely, following our general analysis in section 4, the Mo¨bius amplitude contributes
with
M ≃ 4(ND −ND¯)
∫ ∞
0
dt
t3
∑
n7
e−
π
2t
(2n7+1)2R˜27 ∼ ND −ND¯
R˜47
,
‡ Indeed, a general classification of non-oriented and topologically inequivalent Riemann sur-
faces implies that there are only three classes of diagrams characterised by 0, 1 or 2 crosscaps and
an arbitrary number of holes and handles.
18
However, because of Fermi-Bose degeneracy in the D-brane spectrum (ND = ND¯ = 8),
this term is absent and the next correction is exponentially suppressed in R˜7 ≫ ℓs.
Note the similarity of these models with the heterotic duals of Fermi-Bose degenerate
closed-string vacua of ref. [13], where the inverse of the heterotic radius is proportional
to the type IIA string coupling constant, and supersymmetry is restored in the large
radius limit. This similarity, together with the property of local tadpole cancellation in
the vacuum energy, suggests that higher order corrections could be suppressed, at least
in a class of models satisfying additional constraints, along the lines of the closed-string
examples [26]. In any case, the precise analysis of higher-genus corrections and possible
extra conditions in our constructions remains an interesting open problem.
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